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Abstract We report a high-efficiency, single-mode, all-
fiber pulsed laser system built in a master oscillator power
amplifier format, operating in the eye-safe (k *1,549 nm)
spectral range, providing over 1.5 W of average output
power with up to 51 dB of total signal gain. It comprises
the flexibility of smooth pulse duration control from single
ns to 260 ns with independently tunable repetition rate
ranging from 40 kHz to 1 MHz. Pulses as short as 4 ns
with up to 20 lJ energy and corresponding peak power of
5 kW are demonstrated. The laser system delivered a
nearly diffraction-limited beam with M2 *1.
1 Introduction
Pulsed laser sources operating in the ‘‘eye-safe’’
(k[1.4 lm) spectral range are desired for numerous
applications, like remote sensing, range finding, material
processing, area mapping, or mid-infrared super continuum
generation [1–4]. Most of these applications require optical
pulses of short duration, usually on the nanosecond-scale
and with kW-level peak power. Pulses of such parameters
can be easily obtained by Q-switching the optical cavity of
both bulk [5, 6] and fiber [7] lasers. However, in case of all
Q-switched lasers, the increase in repetition rate makes the
output pulse duration increase (at constant pump power)
and consequently, the pulse peak power decreases. This
may be an obstacle for some applications, especially those
where a high degree of pulse parameters control is needed.
Therefore, a master oscillator power amplifier (MOPA)
architecture [8] which utilizes a low-power pulsed seed
laser followed by high-power amplification stages has been
adopted. This technique is especially attractive if all system
components, including a master oscillator and amplifiers,
are developed in all-fiber technology, thus providing
compactness, robustness, high environment insensitivity,
and reliability.
Despite the fact that the first erbium-doped fiber
amplifiers were demonstrated in the 80s of the twentieth
century [9, 10], a still increasing interest in the develop-
ment and optimization of these active devices has been
observed. All-fiber pulsed MOPAs constitute one of the
newest trends in optics and laser technology. A laser sys-
tem developed in a MOPA configuration seeded with a
single-mode semiconductor laser allows for a precise,
electric control of temporal (pulse width, pulse shape,
repetition rate) and spectral parameters in the wide range
[11, 12], also providing a suitable gain for high-power
operation. This unique flexibility makes high-power
MOPA systems very attractive for many industrial and
technological applications.
Generation possibility of high-energy, mJ pulses of eye-
safe radiation from an all-fiber MOPA setup has been
already demonstrated in [13]. However, the maximum
achieved peak power, reported in this work, was below
2 kW due to the generation of long (hundreds nanosec-
onds) pulses and slope efficiency below 15 %. On the other
hand, MW pulse peak power generation (1.4 mJ/1.2 MW)
has been successfully demonstrated at 1,567 nm wave-
length, but with poor beam quality (M2 * 8.5) and slope
efficiency not exceeding 20 % [14].
In this paper, we present the results of two experiments
where different ns-pulse operation regimes of 1,550 nm
all-fiber laser system built in a MOPA configuration were
discussed. Firstly, over 39 % of slope efficiency in a final
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power amplifier (which is, to the best of our knowledge, the
highest efficiency for pulsed MOPA systems pumped at
980 nm that was ever reported) was reached during the
generation of long (260 ns) pulses with energy *30 lJ.
And the total signal gain of over 51 dB and 5 kW peak
power were presented for 4-ns pulse generation. The
experimental system combines a broad range of pulse
width (4–256 ns) and repetition rates (40 kHz–1 MHz)
with high efficiency and nearly diffraction-limited laser
beam.
2 Experimental setup
The arrangement of three-stage MOPA system is shown in
Fig. 1. A distributed feedback (DFB) laser (QDFBLD-
1550-50, QPhotonics), pigtailed in a polarization main-
taining (PM) single-mode fiber, was used as a seed of
nanosecond pulses generated at a variable pulse repetition
frequency (PRF). The DFB laser was supplied by a
homebuilt power supply with integrated pulse control
system. The PRF of generated pulse train could be inde-
pendently changeable in the range of 40 kHz–1 MHz.
The pulse train generated by the DFB laser was ampli-
fied in three amplifying stages, formed by two erbium
preamplifiers (EDFAs) and a power erbium/ytterbium
amplifier (EYDFA). Both EDFAs utilized heavily doped,
single-mode, single-clad erbium-doped fibers (EDFs) with
the core diameter of 8 lm and a numerical aperture
NA = 0.2 (Liekki Er80-8/125). Low-power, single-stage
fiber-optic isolators ([29 dB isolation), placed behind the
seed and between the preamplifiers, were used to block any
undesirable back-coming radiation. Three wavelength-sta-
bilized, fiber-pigtailed laser diodes operating at 976 nm,
each delivering up to 600 mW, were used to pump the
EDFs. The single-mode pump radiation was launched into
the active fibers with the use of 980/1,550 WDM couplers.
A co-propagating, core pumping scheme incorporating a
1.3-m length of EDF was used in the first stage and a
bidirectional pumping for 1.2 m EDF in the second stage.
The EYDFA was pumped with the use of a (2 9 1) ? 1
multimode pump power combiner with a single-mode
signal feed through at 1,550 nm. In the experiment, we
utilized two different Er/Yb co-doped double-clad fibers.
The first one was a single-mode fiber with a core/clad
diameter of 7/125 lm and corresponding NAs of 0.21/0.46,
whereas the other one was a slightly multimode fiber
characterized by 13 lm/0.20 NA core and 130 lm/0.46
NA clad. Both were octagonal cladding fibers. The clad
absorption at 915 nm was 1.1 and 2.84 dB/m for single-
mode and multimode EYDFs, respectively. Up to 4 W of
CW pump power at 973 nm, generated by a single fiber-
coupled laser diode, was delivered to the final EYDFA.
In order to eliminate out of band amplified spontaneous
emission (ASE), two 200 GHz DWDM (CH35) band-pass
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Fig. 1 Experimental 3-stage MOPA setup. LD laser diode, OI optical isolator, BPF band-pass filter, WDM-980/1,550 wavelength division
multiplexer, 99/1 % tap coupler, EDF Er-doped fiber, EYDF Er/Yb: co-doped double-clad fiber, M1 dichroic mirror
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So as to block any back reflections, each laser system stage
was optically isolated. In addition, to monitor the spectrum
and pulse parameters, two tap couplers were applied in the
MOPA system: a 1 9 2 (99/1 %) coupler after the first
amplifying stage and a 2 9 2 (99.99/0.01 %) coupler
placed after the second preamplifier.
3 Results and discussion
The erbium preamplifiers provided 46 dB of total gain (for
5-ns pulses) of which up to 33 dB was obtained in the first
stage. In the experiment, the output power levels of seed
and preamplifiers were kept constant, whereas the pump
power of the EYDFA was varied in the range from 0 to
4 W.
During the measurements, all output spectra were
recorded using an optical spectrum analyzer (Yokogawa
AQ6370B). Temporal trace was measured with the use of a
sampling digital oscilloscope (Tektronix, DSA70604) with
6-GHz bandwidth, 25GS/s and InGaAs photodetector (with
rise time of \125 ps), and the output average power was
measured by a power meter (Ophir, Laserstar) with a
thermal sensor.
3.1 High-efficiency operation
In preliminary experiments, a single-mode, double-clad Er/
Yb co-doped fiber (CorActive 7/128) was used as a gain
medium of the third amplifying stage. The appropriate
active fiber length optimization allowed us to obtain a slope
efficiency as high as 39 % for a 5-m-long EYDF. To the
best of our knowledge, the reported maximum efficiency
for 1.5-lm laser pumped at 980 nm is 43 % [15]. However,
this result concerns the continuous-wave generation but our
MOPA system operated in pulsed regime. The average
output power and the EYDF absorption both determined
with respect to launched pump power are presented in
Fig. 2. All measurements have been taken when the laser
system generated 260-ns pulses with 50-kHz repetition.
Along with the increase in active fiber length, the pump
absorption increases from 63 to 87 % for 2- and 5-m-long
EYDF, respectively. It corresponds to over 10 % increase
in slope efficiency of 1.5-lm laser radiation generation
from 29 to 39 %, determined with respect to incident pump
power. This efficiency reaches, about 43 % when corre-
sponding to absorbed pump power for 3- and 5-m-long
EYDF and 44 % for the 2-m-long active fiber. As it can be
seen in the inset in Fig. 2, further lengthening of the active
fiber, over 5 m, does not cause any benefit, the output
power begins to decrease due to the reabsorption process.
Although the relatively long active fiber provides high
generation efficiency, the long interaction length of guided
waves in the fiber resulted in the enhancement of nonlinear
effects leading to output spectrum broadening (Fig. 3).
Since the length of fiber used in the EYDFA construction is
much shorter than the dispersion length LD and longer than
the nonlinear length LNL (LD  L [ LNL), the dispersion
effect can be ignored [16]. The spectrum broadening was
induced by the self-phase modulation. Furthermore, for the
3-m-long EYDF, the effect of degenerated four-wave
mixing (DFWM)—two spectral sidebands located sym-
metrically by about ±19 nm from the signal at 1,549 nm—
can be distinguished in the spectrum presented in Fig. 3.
Two photons of signal at frequency corresponding to
1,549 nm create two different photons at the probe fre-
quency x1 and idler frequency 2x0-x1. The longer fiber
(a)
(b)
Fig. 2 Average output power a and absorption b as a function of the
launched pump power for three different lengths of EYDF and
generation laser pulses with repetition frequency f = 50 kHz and a
width of 256 ns. Inset presents the average output power versus active
fiber length for pump power level of 4 W
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length, the higher nonlinear phase shift is, and conse-
quently, further spectrum broadening is observed, which
limits the generation of high peak power laser pulses.
As it can be seen, increasing the fiber length to 5 m
leads to super continuum generation with over 150 nm
span measured within -50 dB below the maximum peak at
1.55 lm. This shows that when developing a pulsed fiber
MOPA system, we have to be aware of the fact that further
fiber lengthening or increase in pulse peak power will
significantly enhance nonlinear processes leading to much
broader continuum generation.
3.2 High peak power operation
Construction of fiber lasers and amplifiers provides a rel-
atively long interaction length for guided radiation, which
combined with high intensity of light propagating in a
small area core can lead to strong nonlinear effects, thus
limiting their lasing or amplification possibilities. The main
challenge in case of high-power pulsed fiber-based laser
sources delivering short pulses is to overcome the unde-
sirable nonlinear phenomena, like stimulated Brillouin
scattering (SBS) and Raman scattering (SRS), self-phase
modulation (SPM). Reducing optical intensities, due to
utilizing fibers with large core, e.g., large mode area
(LMA) fibers, is one of the methods used for overcoming
the nonlinearities and producing high output energy and
high peak power [17, 18]. Another method for reducing the
nonlinearities is fiber shortening.
In our experiment, both methods have been applied. In
the third cascade, instead of the single-mode fiber (Cor-
Active 7/128), we utilized 2-m-long multimode Er/Yb co-
doped, double-clad fiber (Nufern 12/130). The perfor-
mance of the developed amplifier is illustrated in Fig. 4,
where average output power as a function of launched
pump power is depicted. The normalized frequency—V
number of the active fiber—equals 4.87 at 1,549 nm
corresponding to \10 propagating modes. This approach
enabled for the generation of stable 5-kW peak power
laser pulses (Fig. 5) at 40-kHz repetition rate. The output
pulse is characterized by an asymmetric shape, and it is a
*1 ns shorter than input pulse. This small pulse distor-
tion is the consequence of the population inversion
change during an amplification process when a laser pulse
with energy comparable with the saturation energy of
amplifying medium is launched into the amplifier. The
leading edge of the pulse depletes the most population
inversion, thus experiencing higher gain than the trailing
pulse edge. For pulses generated with higher repetition
frequency, no difference between the input and the output
pulse shapes has been observed. The performance of the
developed MOPA is illustrated in Fig. 6, where the peak
and average output power as a function of pulse repetition
frequency are depicted. For pulses generated at repetition
rate higher than 80 kHz, the MOPA system was operated
in the saturation. Pulse peak power decreases with fre-
quency but the average output power remains constant at
830 mW power level. Frequency tuning from 40 kHz to
1 MHz made pulsed energy decrease from over 20 lJ to
slightly below 1 lJ, corresponding to the decrease in peak
power from 5 kW to hundreds of watts (*170 W). Our
main goal was to reach a compromise between the high
peak power and high-efficiency generation with relatively
narrow output spectrum. Therefore, in this experiment, we
did not reduce the active fiber length below 2 m and the
Fig. 3 Impact of the EYDF-7/128 length on the output spectrum of
the MOPA system. All spectra were recorded for 10-ns duration
pulses with the same energy *13 lJ generated at 50-kHz repetition
rate
Fig. 4 Average output power versus launched pump power for
multimode EYDF in the power amplifier (t = 260 ns, f = 50 kHz)
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pump power was kept constant and equalled 2.62 W. For
the 5-kW pulse generation, the signal-to-noise ratio S/N
was over 30 dB.
In order to provide high quality of output laser beam
(single-mode operation) and to remove unabsorbed pump
power radiation, we searched for a simple and cost-
effective solution. The reduction in unabsorbed pump
power, which is usually present at the output of amplifier
pumped in co-propagating scheme, can be conventionally
achieved by applying a power cladding striper providing
about 10–15 dB of clad power attenuation. Adding this
fiber component to the laser system output leads, besides
additional costs, to lengthening the interaction fiber length
and as a consequence to decreasing the threshold of
nonlinear effects occurrence. Therefore, in order to pro-
vide high-quality output laser beam, single-mode opera-
tion, and remove unabsorbed pump power radiation, we
spliced 20 cm of standard telecom SMF-28e with FC/
APC connector to the end of active multimode Er/Yb-
doped fiber. It introduced 0.7 dB loss at 1.5 lm signal
wavelength for 1 W of average output power and made
5 % decrease in slope efficiency (Fig. 4). This approach
allowed us to suppress the unabsorbed pump power at the
system output (Fig. 7) as well as to achieve an excellent
spatial properties of the beam, which is nearly diffraction-
limited with M2 \ 1.03 (Fig. 8). The measurement of
Fig. 6 Average output power and pulse peak power versus repetition
rate for 5-ns input pulse width
Fig. 7 Output spectrum of the MOPA system recorded for the 1 W of
average output power (t = 260 ns, f = 50 kHz)
Fig. 8 Laser beam quality measurement result, inset: far field
intensity profile
Fig. 5 Temporal waveform of the output 5-kW laser pulse; the inset
presents input pulse generated by DFB laser. The input and output
FWHM pulse durations are 5.1 and 3.98 ns, respectively
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beam diameter has been taken at the 1/e2 intensity level
with the use of scanning slit beam profiler (BP109-IR
Thorlabs). It can be also noted that a very high signal-to-
noise ratio S/N [58 dB was obtained in the output
spectrum without any ASE at *1 lm wavelength range.
Besides, we also proved experimentally that this approach
can be successfully adopted for low and medium output
power levels (unabsorbed pump power level \1 W). The
system was tested for a few weeks, and during this time,
we did not notice any failure or degradation of output
parameters.
The described system was packed in the 134.5 mm 9
261 mm x 300 mm rugged metal case. All optical com-
ponents and electronics were included in the package for a
standalone unit requiring only power supply. Since the
laser output is delivered via a single-mode optical fiber
with FC/APC connector, it can be easily linked with a
collimator, which provides easy integration with a variety
of other systems.
4 Conclusions
An all-fiber, three-stage MOPA system operating at
1.55 lm is presented. A record slope efficiency of 44 %
determined with respect to absorbed pump power of the
final power EYDFA pumped at 980 nm is reported incor-
porating a single-mode double-clad Er/Yb co-doped fiber.
Furthermore, we show that applying a multimode Er/Yb
co-doped fiber followed by a standard SMF-28e can be a
simple and cost-effective method to eliminate unabsorbed
pump radiation from the signal beam and to provide single-
mode operation. Generation of 5-kW pulses at 40-kHz
repetition rate from a compact, standalone laser unit was
also presented.
The performance of the single-mode all-fiber laser sys-
tem in combination with high peak power shows that our
three-stage MOPA setup can be very suitable source of
‘‘eye-safe’’ laser radiation for a variety of applications,
including laser rangefinders, range imaging LADAR sys-
tems, and remote sensing LIDAR applications or even mid-
infrared super continuum generation.
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